Soft fluorescent nanomaterials have attracted recent attention as imaging agents for biological applications, because they provide the advantages of good biocompatibility, high brightness, and easy biofunctionalization. Here, we provide a survey of recent developments in fluorescent soft nano-sized biological imaging agents. Various soft fluorescent nanoparticles (NPs) (including dye-doped polymer NPs, semiconducting polymer NPs, small-molecule organic NPs, nanogels, micelles, vesicles, and biomaterialbased NPs) are summarized from the perspectives of preparation method, structure, optical property, and surface functionalization. Based on both optical and functional properties of the nano-sized imaging agents, their applications are then reviewed in terms of in vitro imaging, in vivo imaging, and cellular-process imaging, by means of specific or nonspecific targeting.
Introduction
Optical imaging plays a major role in basic life science research and clinical applications because it is noninvasive, rapid, highly sensitive and inexpensive. In order to create the most accurate representation of biological objects and/or processes, many cutting-edge imaging technologies have emerged with the aim to increase the resolution of optical imaging. For example, stimulated emission depletion microscopy (STED), stochastical optical reconstruction microscopy (STORM), photoactivated localization microscopy (PALM) and total internal reflection fluorescence microscopy (TIRF) have been developed to image biological molecules with greater sensitivity or beyond the diffraction limit of light. 1-4 These high-resolution or superresolution imaging technologies have been applied to visualize cellular structures in an in vitro setting with fantastic results, but the temporal resolution still needs to be further improved so as to image dynamic events that occur in a live cell. For these new imaging modalities, fluorescent probes with high brightness and photostability are in great need because the spatial resolution is often proportional to the number of photons collected from the probes.
Meanwhile, substantial effort has also been devoted to designing various imaging agents, among which fluorescent nanomaterials have been gaining special attention. When compared to the common organic dyes and fluorescent proteins, nano-sized fluorescent imaging agents are brighter and more photostable. Every nanoparticle (NP) of an imaging agent can carry a large amount of fluorescent species that is insulated by the particle matrix from complex biological environments. Moreover, the large surface-to-volume-ratio of NPs provides a convenient platform for surface modification and bioconjugation. Surface modification and bioconjugation of NPs are fundamentally necessary for biological and biomedical applications in order to label or enter into live cells for in vitro or in vivo imaging. 5 Nano-sized imaging agents can be broadly classified into two categories based on their chemical nature and likely behavior in biological environments 6 : (i) hard nanomaterials (e.g. quantum dots, [7] [8] [9] dye-doped silica NPs, 10, 11 lanthanide-doped NPs, 12 carbon NPs 13, 14 and metal nanoclusters 15, 16 ) and (ii) soft nanomaterials (e.g. polymeric NPs, nanogels and micelles). The former nano-sized imaging agents are prepared from inorganic elements, usually under harsh conditions, through multiple processes. Although they have been widely used for in vitro fluorescent imaging after surface modification, the inorganic nature and potential bio-incompatibility hampers their practical applications for in vivo imaging. [17] [18] [19] To date, only one kind of hard nano-sized imaging agent-nonporous silica NPs-has been approved by the U.S. Food and Drug Administration (FDA) for phase I clinical trial. 20 In contrast, soft optical nano-sized imaging agents are fabricated from less toxic organic molecules under mild conditions. Furthermore, many FDAapproved biocompatible molecules are available for the development of nano-sized imaging agents, such as the fluorescent dye indocyanine green (ICG) 21 and the biodegradable polymers poly(methyl methacrylate) (PMMA), poly(ethylene glycol) (PEG), poly(lactic acid) (PLA), and poly(lactic-co-glycolic acid) (PLGA) derivatives. 22 deactivated by other nonradiative processes. Hence, the optical properties of semiconducting polymer NPs are greatly influenced by the adopted chain conformations after particle formation. Semiconducting polymer NPs prepared by self-assembly usually exhibit red-shifted absorption spectra because their highly ordered conformation consists of aligned, stretched polymer chains. 31, 32 In contrast, NPs prepared by reprecipitation exhibit blue-shifted absorption spectra because they have a collapsed conformation with reduced conjugation length caused by bending, torsion, and kinking of the polymer backbone. 33 But when it comes to fluorescence, semiconducting polymer NPs made by either method display common red-shifted emission spectra because the increased inter-and intra-chain interactions favor energy transfer to lowenergy-emitting sites. Thanks to their high light-harvesting capability and efficient intra-particle energy transfer, semiconducting polymer NPs commonly exhibit much brighter fluorescence than that of typical organic dyes. 34, 35 For most small-molecule dyes, too many of them in one particle can result in concentration quenching as well as a reduction in fluorescence by aggregation-caused quenching (ACQ) via π -π stacking. 36 To address the issue of fluorescence quenching, a widely adopted strategy is to reduce the doping ratio of dyes down to a level that avoids concentration quenching. The resulting fluorescent organic NPs are useful for ordinary biological imaging applications, such as cellular labeling and sensing, but the limited loading capacity and lower brightness precludes their application in ultra-sensitive imaging, such as single-particle tracking.
Recently, several novel systems have been developed to produce highly bright fluorescent organic NPs. One is dye-doped semiconducting polymer NPs. The doping ratio is kept rather low, but the per-particle fluorescence brightness is greatly enhanced due to the extraordinary light-harvesting capability as well as efficient intraparticle energy transfer within semiconducting polymer NPs. [37] [38] [39] Another is nano-sized aggregates of organic fluorophores that are based on the photophysical process of aggregation-induced emission (AIE). 27, 40, 41 These organic dyes do not emit in dilute solution, but when they aggregate into particles, they give off bright fluorescence because of restricted intramolecular rotation. Lastly, organic dyes in organic solvent have been directly used as biological imaging agents after being encapsulated into a nanosized droplet. 42, 43 The liquid state of the droplet prevents the ACQ effect of encapsulated dyes from occurring while the nano-sized core ensures a high loading capacity of dyes. As a result, highly fluorescent nano-sized droplets could be made.
Biophysicochemical properties. As fluorescent organic NPs are designed for biological imaging, their biophysicochemical parameters, including particle size, surface property, and targeting moiety, are crucial for their journey inside the organism and imaging performance. These parameters should be carefully considered for the synthesis of nano-sized imaging agents.
For particle size, previous studies indicate that a size below 200 nm in diameter ensures efficient cellular internalization, while a size approximately smaller than 10 nm can be cleared quickly by glomerular filtration in the kidney and that larger than 100 nm is eliminated by macrophage cells of the liver and spleen. 5 Hence, from the perspective of achieving high contrast at the imaging site, the optimal size range for in vitro imaging may be <200 nm and 10-100 nm for in vivo imaging. Additionally, particle size in the range of nm is appropriate for in vivo targeting of tumor tissues based on the enhanced permeation and retention (EPR) effect. 44 Surface chemistry also influences the efficiency of cellular uptake and blood circulation time. 45 Positively charged surfaces promote cellular internalization of NPs through adsorptive endocytosis via nonspecific electrostatic association with negative cell membrane. Positively charged surfaces also facilitate the subsequent escape of NPs from endolysosomal compartments through osmolytic effect. As hydrophobic surfaces suffer from nonspecific interaction with proteins, 46 hydrophilic surfaces can decrease the nonspecific absorption of proteins onto NPs and achieve prolonged circulation time accordingly. 47 Particularly, PEGylated NPs have been demonstrated to be stealthy because the PEG shields them from nonspecific interactions with various components of blood serum and consequently gives them greatly enhanced circulation in vivo. 48 The size of organic NPs can be controlled by manipulating the reaction parameters.
To design targeted organic NPs, two approaches can be followed. One is passive targeting, i.e. sizedependent uptake of NPs based on the EPR effect of tumor tissue. 49 The special microstructure of tumor tissue enables an enhanced extravasation of the particulate material from the surrounding vessel into the tumor, while the lack of a lymphatic system leads to a prolonged retention time of NPs. Together, these factors result in a preferential accumulation of NPs at tumor tissue However, the heterogeneity in tumor tissues undermines the specificity of EPR-based targeting, and some tumor types may not show an EPR effect. 50 The other approach is active targeting, which takes advantage of ligands, which are conjugated to the particle surface, that specifically bind to antigens or receptors expressed only on the target cells. 51 Depending on the type of targeting sites, various kinds of ligands, including antibodies, peptides, aptamers, sugars and vitamins, are available for bioconjugation.
A straightforward strategy for functionalization of NPs is to add molecules or polymers with the appropriate functional groups to the starting materials prior to the formation of NPs. More generally, surface functionalization is achieved by a two-step process. First, reactive groups (e.g. carboxylic and amino groups) are introduced onto the particle surface. Second, the reactive groups are conjugated with specific ligands or polymers via coupling reactions, such as the carbodiimide-mediated amide, the maleimide coupling reaction, or the click reaction.
Polymerization method
Polymerization is a popular strategy to synthesize soft organic NPs using two different routes. 25, 30, 52 One route is direct polymerization including dispersion polymerization and emulsion polymerization, which in situ yields polymeric NPs by coupling low-molecular-weight monomers into macromolecular polymers that don't dissolve in the starting reaction medium. The polymerization process to make nano-sized droplets occurs in water with surfactants present as stabilizers to give rise to soft fluorescent NPs. The other route is post-polymerization or reprecipitation (or nanoprecipitation). It takes advantage of commercially available (or presynthesized) polymers/dyes dissolved in an organic solvent as the starting solution; the starting solution is then dispersed into a solvent in which the polymers/dyes have poor solubility, such as water, to generate NPs.
Dispersion of the polymer solution is usually enhanced by ultrasound waves or other catalysts. If the starting organic solvent is water-immiscible, the polymer solution needs to be emulsified into sufficiently small droplets first followed by evaporation of the organic solvent. If a water-miscible organic solvent is used, the polymer solution (in a dilute concentration) can be injected and mixed in water directly; the organic NPs precipitate because of a sudden decrease in solubility and hydrophobic interaction.
Direct polymerization
The merits of direct polymerization are (i) the covalent crosslinking of the incorporated fluorophores with the particle matrix can effectively avoid their leakage from NPs, especially in complex biological environments and (ii) fine-tuning of both the fluorescent property and surface chemistry of NPs by adding functional monomers to the reaction, which facilitates the synthesis of the appropriate biological imaging agents. Based on this chemical approach, a broad range of fluorescent biocompatible NPs has been prepared as nano-sized imaging agents (Table 1) . These organic NPs are prepared from fluorescent conjugated polymer monomers, [53] [54] [55] as well as from nonfluorescent materials such as PMMA, 56, 57 polystyrene (PS), [56] [57] [58] [59] hydrogels [60] [61] [62] [63] [64] [65] [66] and biodegradable materials. [67] [68] [69] For the latter cases, fluorescent moieties were additionally introduced to label the polymeric NPs, except for alginate 70 and polydopamine NPs 69 which formed labelfree NPs that self-fluoresce.
Organic NPs prepared by direct polymerization usually have a narrow size distribution. The particle size can be adjusted by controlling various parameters, such as reaction time, ratio of solvent/non-solvent and type of surfactants. But very small particle sizes, e.g. below 20 nm, are difficult to obtain by this method.
In addition, this method can produce NPs with surface functional groups by directly adding amino-, carboxy-functionalized monomers during the process of polymerization, which are ready for further conjugation with other biomolecules. Surfactants such as PEG and Tween 80 also are used to stabilize the polymerized organic NPs which give good biocompatibility for nonspecific imaging. 54, 56, 57 Like many chemistry-based methods, the requisite expertise in organic and polymer synthesis may be an obstacle for scientists who are not chemists. Moreover, many of the polymerization processes take place in mixed organic solvents catalyzed with metal salts. Rigorous washing is therefore necessary to collect the organic NPs. But even then, there is still a high probability for organic solvents, which are toxic to cells, to be left inside NPs. However, for some polymers that are difficult to dissolve in many solvents, direct polymerization may be the only choice. 54 
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Post-polymerization
Miniemulsion method. The miniemulsion method was initially used by the Landfester group to prepare fluorescent semiconducting polymer NPs for photovoltaic and light-emitting devices. 72, 73 In order to adapt the semiconducting polymer NPs to be biocompatible and functionalized for targeting specific molecules for biological imaging, the miniemulsion technique was further developed. In an earlier work, Howes and coworkers used PEG as the surfactant to prepare PEG-capped semiconducting polymer NPs (ca. 13 nm). 74 Although the fluorescent NPs were biocompatible, the fluorophore loading was very low (0.57 wt.%). Using similar phospholipid-encapsulation strategy, other semiconducting polymers 76, 77 and dyeconjugated biocompatible polymers 78, 79 have been developed as fluorescent nano-sized imaging agents. So far, the biocompatible polymers are mainly derived from PLGA or DSPE-PEG, with functionalized terminals such as amino and carboxyl groups 76, 78 and folate. 77, 79 DSPE-PEG usually yields NPs with smaller diameters (<100 nm) than NPs made from PLGA because DSPE-PEG has a higher amphiphilicity and a lower molecular weight. For more detailed information about polymer-encapsulated fluorescent organic NPs, please refer to a recent review by Liu and co-workers. 28 The NPs described so far have solid cores. In contrast, a type of nanoemulsion with a liquid core has been developed by nanoemulsification, a modified miniemulsion method. 42, 43, 80 In this method, a waterimmiscible solvent is preserved as the oily core of the nano-sized droplets rather than be evaporated. This oily core functions as a reservoir for encapsulation of lipophilic dyes. Notes: Size is in hydrodynamic diameter; composition mainly shows the fluorescent imaging agents and particle matrix; surface + ligand describe surface chemistry and (+) conjugated ligands; optical properties give both the excitation (λ ex ) and emission wavelength (λ em ), wherein fluorescence is abbreviated as flu., and quantum yield is QY. Those are applicable to the following tables.
subsequently encapsulated into nano-sized droplets, with the assistance of a surfactant (Cremophor ELP ® ) and the sudden addition of water. The DiI-TPB dye, due to its exceptional oil solubility, could be loaded at 8 wt% concentration into nano-sized droplets. The extremely bright droplets (90 nm) containing ~12,000 cyanine molecules, were 100-fold brighter than quantum dots. 43 Table 2 shows the representative nano-sized imaging agents prepared by the miniemulsion method. In this method, the amphiphilic polymers function as the surfactant to form stable droplets but they also participate in the formation of particles. Therefore, the concentration of the loaded fluorophores is relatively limited.
Furthermore, the percentage of hydrophobic segments in amphiphilic polymers greatly influences the compactness of the particle core through the hydrophobic interaction between encapsulation matrix and incorporated fluorophores. Because the density of particle core affects both the efficiency of intra-particle energy transfer and the insulation from outside quenching species, the quantum yield of the NPs is highly dependent on the nature of the amphiphilic polymers.
Reprecipitation method. The representative nano-sized imaging agents prepared by the reprecipitation method are listed in Table 3 . This method was first developed by the Masuhara group to prepare fluorescent conjugated polymer NPs, 81 and then modified by McNeill and coworkers. 33, 82 Because of its merits of easy fabrication, low cost and high-throughput, the reprecipitation method has been used to Table 2 . Fluorescent soft nano-sized imaging agents prepared by miniemulsion method make many fluorescent semiconducting NPs 26 and dye-doped polymer NPs 83 from hydrophobic polymers.
They are highly fluorescent and small-sized (ranging from about 5 to 30 nm), which are desired for biological imaging. But the lack of surface functionalization restricts them from being used in more complicated biological applications. To address this issue, several strategies have been adopted to complement the reprecipitation method.
One strategy is the amphiphilic polymer coprecipitation method, which utilizes amphiphilic polymers bearing functional groups to coprecipitate with the semiconducting polymers in one step to form surfacefunctionalized NPs. Our groups have performed a series of studies in this area. 35, 84, 85 Typically, an amphiphilic comb-like polystyrene polymer, PS-PEG-COOH, is used to functionalize highly fluorescent semiconducting NPs (Fig. 1A ). 84 The NPs have an average diameter of about 15 nm and contain more than 80 percent of effective fluorophores. Moreover, this strategy produces surface-functionalized NPs with both PEG and carboxylic groups, which ensure good stability and high reactivity with biomolecules, such as antibodies or streptavidin. Similarly, we have also used poly(styrene-co-maleic anhydride) (PSMA) polymer to produce carboxy-functionalized semiconducting NPs ( Fig. 1B ). 85 The surface carboxylic groups can further react with small amine-containing molecules, like amino azides and amino alkynes, using click chemistry to form NPs for bioorthogonal labeling. The amphiphilic polymer coprecipitation method can be easily applied to any hydrophobic fluorescent semiconducting polymers. [86] [87] [88] However, a weak point of this strategy is that the functional groups are noncovalently attached to the particles through hydrophobic association. In case of complex biological environments, these functional molecules may be detached from the NPs if the polymer backbone swells or undergoes internal reorganization. 25 Our group furthered studied surface functionalization and developed a synthetic strategy to covalently link functional groups to semiconducting polymer NPs, 7989 which we named the direct functionalization method. The premise of this method is that semiconducting polymers with functional groups are synthesized prior to the formation of NPs. For example, PFBT polymers with side-chain carboxylic acid groups were synthesized and reprecipitated to produce carboxylic-functionalized semiconducting polymer NPs (Fig. 1C ). 79 It is important to point out that the degree of hydrophilic functionalization plays a critical role in determining the stability and fluorescence performance of the NPs, and that the density of hydrophilic groups should be kept at a low level for biological applications. In another study, a cross-linking strategy was developed to synthesize functionalized semiconducting polymer NPs. 89 PFBT polymer with side-chain amine groups was first prepared and then cross-linked by a functional polymer, poly(isobutylenealt -maleic anhydride) (PIMA) or PSMA, to form covalent crosslinks with the semiconducting polymer while simultaneously providing carboxyl groups for bioconjugation. The strategy generated stable carboxy-functionalized PFBT NPs that had a small particle diameter of 10 nm or less.
With the improved reprecipitation methods, many dye-doped semiconducting polymer NPs were prepared for biological imaging. The small molecules were either physically trapped into particles by coprecipitation with semiconducting polymers, [90] [91] [92] or chemically incorporated into polymers by conjugation prior to precipitation. 38, 39, 88 The high light-harvesting capability of semiconducting polymer NPs was maintained, while their fluorescent properties were tuned by the doped dyes. These features are highly favorable for the development of fluorescent nano-sized imaging agents.
Besides semiconducting polymers, many amphiphilic polymers, such as poly(acrylic acid) (PAA), 93 PLGA, 8394 poly(gamma-benzyl-l-glutamate) (PBLG) polypeptide 95 and polyurethane, 96 have been used in reprecipitation methods to trap small-molecule fluorophores to yield dye-doped polymer NPs. In most cases, PEG-modified polymers were needed to form an encapsulation shell, which involves a self-assembly process after precipitation. The encapsulation is important for the stability of the dye-doped amphiphilic polymer NPs because the hydrophobic interaction between small molecules is rather weak. Based on the reprecipitation-self-assembly method, bright fluorescent small-molecule organic NPs were prepared from AIE-typed fluorogens 41 or spirobifluorene derivatives that could avoid self-quenching, 97 respectively, with the assistance of DSPE-PEG or PEG-grafted poly(maleic anhydridealt-1-octadecene) (C18PMH-PEG). As another variation of the reprecipitation method, a one-step reprecipitation-encapsulation method was developed to produce dye-doped biocompatible core-shell NPs. 98, 99 In this method ( Fig. 2 ), a hydrophobic polymer (PS) and a alkoxy silane (DTS) were coprecipitated with selected fluorophores into a basic water containing positively charged poly-L-lysine (PLL). The PS functioned as the particle matrix and the DTS was the silica-based encapsulation agent. Base-catalyzed hydrolysis and condensation of alkoxysilane led to the silica-based encapsulation of particles; PLL molecules were subsequently absorbed onto particle surface by electrostatic attractive force between amino and silanol groups to create the surface modification. This simple strategy not only can be generalized to most hydrophobic dyes to produce fluorescent NPs, but also afford surface amino groups for further conjugation with a wide range of biomolecules. 100 87 
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COOH (sidechain)-PFBT COOH+ streptavidin λ ex = 460 nm; λ em = 540 nm specific in vitro imaging (Her2-positive Table 3 . Fluorescent soft nano-sized imaging agents prepared by reprecipitation method
Self-assembly method
In the self-assembly method, the starting materials aggregate to form NPs via electrostatic attraction and/or hydrophobic interaction. Since the self-assembling process takes place in aqueous solution, stability and hydrophilicity of the resulting organic NPs are high. The fluorophores can be introduced into the particles either by direct co-assembling them with the starting materials or first conjugating them to the starting materials. The self-assembly approach is suitable for synthesis of fluorescent organic NPs for biological applications. Based on the nature of the starting materials, artificial or natural, the preparation methods are grouped into synthetic polymer-based self-assembly or biomaterial-based self-assembly (Table 4 ).
Synthetic polymer-based self-assembly
Amphiphilic molecules are the foundation for the self-assembly method. The molecules consist of (i) hydrophobic segments that are chromophores or used to encapsulate chromophores and (ii) hydrophilic portions that are responsible for both their solubility and biofunctionability. The two parts work synergistically to determine the structure, size and morphology of the self-assembled NPs.
When amphiphilic molecules with small percentage of hydrophilic segments are used, the resulting fluorescent NPs usually take on a rather compact structure comprised of a hydrophobic particle core and a hydrophilic surface. For instance, the cationic semiconducting polymer Polyfluorene (PFO) can be selfassembled into solid NPs (50 nm) with the aid of the anionic hydrophilic poly(L-glutamic acid) by electrostatic attraction. 104 Hydrophobic chromophores are more often covalently linked with hydrophilic groups, in the form of amphiphilic oligomers, to self-assemble into compact particles. In this case, the hydrophobic interaction is responsible for the self-assembly process. Schenning and co-workers synthesized a type of π-conjugated amphiphilic oligomer by decorating a hydrophobic chromophore with gallic acid derivatives bearing alkyl tails at one end and ethylene glycol chains at the other; functional groups were next introduced at the periphery of the ethylene glycol side chains. By co-assembling the differently functionalized oligomers, fluorescent NPs with tuned ligand composition and density were made. 105 Furthermore, the investigators functionalized the ethylene glycol side chains with amine groups. By controlling the density of surface amino groups, i.e. the ratio of amine-functionalized oligomer to the primary one, size-adjustable amino-functionalized NPs were created (40-232 nm). 106 In another study reported by Liu and coworkers, star-shaped glycosylated conjugated oligomers were synthesized to prepare fluorescent organic NPs. With the high density of hydrophilic sugar side groups, the nonionic oligomers self-assembled into NPs with an average diameter of 61 nm. 107 Similarly, small hydrophilic dyes can aggregate into solid NPs by the self-assembly method with the assistance of amphiphilic polymers. In order to avoid the common ACQ effect, AIE-typed 107, 108 fluorophores were used to ensure strong fluorescence for biological imaging. 104, 105 Even without a surfactant, certain hydrophilic dyes with special structure can self-assemble into stable NPs. One example is a perylene diimide derivative. 108 The nano-sized assemblies were non-fluorescent in water but recovered fluorescence when absorbed by cells due to a dissociation-induced-emission (DIE) effect. Zhao and co-workers reported a type of helical nano-sized assembly based on a hierarchical self-assembly of an amino-functionalized cyanostilbene-naphthalimide dyad. 109 Tunable fluorescence (from blue to yellow) was obtained by the selfassembly disorder and the dual fluorescent characteristic that comes from the Z-to-E photoisomerization of the cyanostilbene unit.
When amphiphilic block copolymers are used, the self-assembled particles normally take the form of micelles, which are a loose nanostructure consisting of a hydrophobic core and a hydrophilic shell. 110 Several fluorescent polymeric micelles have been prepared from dye-conjugated amphiphilic block copolymers 111, 112 or hyperbranched star copolymers. 113, 114 In a typical study, PEGylated copolymers were conjugated with the NIR dye ICG and the ligand folate; the self-assembled polymeric micelles were about 150 nm in hydrodynamic size and 40-60 nm in the solid state. 115 During the self-assembly process, additional small hydrophobic species can be simultaneously encapsulated into the particle core to create multi-colored fluorescent imaging agents. 111, 113, 114 Self-assembly of amphiphilic block copolymers can also result in another loose nanostructure, the polymer vesicle. Armes et al. reported a polymer vesicle prepared from block copolymers comprised of the biomimetic PMPC block copolymer and the pH-responsive PDPA block copolymer labeled with Nile Blue. 116 Deprotonation of the PDPA block, as just above pH 6, led to in situ self-assembled vesicles. The PDPAbased vesicle membranes provided a highly hydrophobic environment that blue-shifted the absorption wavelength of Nile Blue label and increased its quantum yield. In another work, fluorescent polymer vesicles were prepared from the amphiphilic block copolymer (PEO-b-PBD) by a sequential process of mixing, drying, ultrasonication, and dialysis. 117 The hydrophobic membrane can encapsulate hydrophobic dyes and also be easily modified with ligands. Unfortunately, the whole preparation process requires four separate operations and two more days of reaction time, which makes this approach somewhat tedious.
For amphiphilic polymers with a high content of hydrophilic ingredients, the nano-sized assemblies resemble nanogels. A temperature-sensitive fluorescent nanogel was prepared from a wellknown thermoresponsive polymer called NIPAm-combined with a water-sensitive fluorophore and a hydrophilic unit. 118 The fluorophores were quenched by neighboring water molecules in hydrated nanogels.
But higher temperatures shrank the nanogel because of the hydrophobic interaction, resulting in the exclusion of water molecules out from nanogel and the emission of strong fluorescence. pH-activable fluorescent nanogels were also reported by self-assembly of a copolymer consisting of a targeting ligand HA, a pH-sensitive unit PBAE and an ICG copolymer. 119 ICG dyes are in quenched state when encapsulated by nanogels, but acidic pH can solubilize the PBAE units and recover the fluorescence of the ICG by releasing them from nanogels. 66 The synthetic polymer-based self-assembly method is similar to the post-polymerization method because they both rely on pre-synthesized materials to form particles via noncovalent forces. But the latter method needs a foreign force to disperse the precursor solution into tiny droplets. Specifically, the miniemulsion method needs water-immiscible solvents to produce an emulsion, and the reprecipitation method requires a quick dispersion time to render a sudden decrease in solubility.
In comparison, the self-assembly process is rather mild. A longer time is needed to form thermodynamically stable particles by self-assembly. In addition, the particle size of self-assembled fluorescent NPs is generally bigger than those formed by reprecipitation, because the self-assembled fluorescent NPs are composed of loosely aggregated polymer chains of amphiphilic molecules.
Biomaterial-based self-assembly.
Some biomaterials are of the nanoscale size so they can be converted into fluorescent NPs by complexing them with fluorescent molecules via self-assembly. Human serum albumin (HSA) is a good biological nanosized carrier, which was used to noncovalently self-assemble complexes with the NIR dye ICG. 120 When co-assembled with the peptide-modified cationic dye IR783, the self-assembled particles led to peptide-coated fluorescent NPs for targeted imaging. 121 Bacteria are another type of nano-sized carriers that were used to assemble with conjugated polymer nanoparticles (CPNs). 122 Although the self-assembly of biomaterials in aqueous solution can be troublesome, controlled selfassembly in living animals is even more challenging because of the complex and dynamic in vivo physiological environment. Very recently, Rao and coworkers reported an optimized first-order bioorthogonal cyclization reaction to control the self-assembly of a fluorescent small molecule in both apoptotic cells and tumor tissues. 124 A caspase-sensitive nano-sized aggregation fluorescent probe (C-SNAF) was designed to be biocompatible, possess NIR spectral properties and undergo triggered self-assembly through condensation chemistry in vivo (Fig. 4 ). In the presence of caspase-3/7, the L-DEVD capping peptide was cleaved, which triggered the intramolecular condensation of C-SNAF into the macrocycle C-
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Page 16 of 40 Chemical Society Reviews SNAF-cycl. C-SNAF-cycl, which was rigid, hydrophobic and susceptible to intermolecular interactions (i.e. hydrophobic π-π stacking), self-assembled into nano-sized aggregates in situ. The biomaterial-based self-assembly method provides more biocompatible and even endogenous fluorescent organic NPs. In this regard, it is very favorable for the preparation of in vivo imaging agents. A disadvantage is that the available fluorophores that match the biomaterials or in vivo environments are limited. 
Other methods
Post staining. In this method, fluorescent nano-sized imaging agents are prepared from NP precursors (commercially available or pre-fabricated) to function as the host for organic fluorophores (Table   4 ). Polystyrene NPs are popular because they are not very toxic to cells and available with different surface groups for bio-functionalization. [130] [131] [132] In a typical synthesis, amino-functionalized PS NPs were swollen in a water/organic solvent mixture under sonication. Two hydrophobic dyes (PtTF 20 PP and naphthalimide derivatives) then were added to allow for encapsulation into the NPs. 127 The swelling and sonication during the preparation process did not affect the size (and size distribution) and surface chemistry of the original monodispersed particles. Hydrophobic dyes (asymmetric cyanine Itrybe and squaraine dye Sq730) were also encapsulated by carboxyl-functionalized PS NPs via the staining procedure to produce NIR fluorescent NPs. 128 A straightforward strategy such as this one facilitates the creation of fluorescent organic NPs as well as the tuning of fluorescent properties by encapsulation with different dyes. However, the loaded dyes are highly likely to leak out of the NPs.
Microfluidic technology. The methods mentioned so far are capable of producing various biocompatible nano-sized imaging agents, but the NPs suffer from low yield and batch-to-batch variation. Recently, microfluidic-based approaches have emerged as a production method to yield reproducible and homogeneous batches of organic NPs in simple and efficient ways ( Table 4) 
. A variety of biocompatible
NPs have been prepared by microfluidics, including liposome NPs, 133 polymeric NPs 134, 135 and lipidpolymer hybrid NPs. 136 Biologically active high-density lipoprotein-mimicking NPs (µHDL) also were prepared by microfluidics, which were loaded with either hydrophobic molecules (3,3dioctadecyoxacarbocyanine perchlorate, DiO) or inorganic NPs (quantum dots). 129 The fluorescent µHDLs were reconstituted using a single-step, self-assembly method in a single layer, 3-inlet microfluidic device (Fig. 5 ). This microfluidic device generated tunable, dual microvortices and a focusing pattern at Reynolds number (Re) ∼150 (Figure 1b-d) . The setup allowed for rapid and effective mixing of precursors in the central inlet and the two outer inlets. As a result, the transition of the phospholipids (DMPC and MHPC)/dopants (e.g. DiO) from an organic solution into an aqueous one initiated the formation of lipid aggregates, while the microvortices caused apolipoprotein A-I (apoA-I) to swiftly incorporate in the nascent aggregates. The result was self-assembled small-sized µHDL NPs. The particle size of the µHDLs could be tuned by changing the Re value or the ratio of lipid to apoA-I. For the fluorescent DiO-µHDL, the mean size of the NPs was about 7 nm with a polydispersity of less than 0.1. The microfluidic approach resulted in a yield that was a continuous production of µHDL at a rate of 420 mg/h. Notes: The NPs listed in the table are prepared by self-assembly method, except for that labeled with ( a ) are by post staining and ( b ) by microfluidic technology. Copyright 2013, American Chemical Society). Aside from the simple lighting up of cells, nonspecific soft fluorescent NPs have been used to study the interactions between cells and NPs. For example, the mechanism of cellular uptake was studied with bare A B C D Page 20 of 40 Chemical Society Reviews semiconducting polymer NPs (PFBT, 18 ± 5 nm). 137 Intracellular fluorescence colocalization of bare NPs and Texas Red dextran indicated that cellular uptake occurred through a common endocytic mechanism. The endocytic process was more vividly imaged by using of a dual-factor triggered NIR nanoprobe, boron dipyrromethene (fgBODIPY)-based biodegradable NPs (fg-nanoprobe). 103 The fg-nanoprobes showed an enhanced signal-to-noise ratio because of the synergistic effects of increased fluorogenicity triggered by cellular compartmentalization and the pH-tunable fluorescence on/off characteristic. The increased signal-tonoise ratio of fg-nanoprobes made them eligible for ultrahigh contrast NIR fluorescence imaging and superresolution subdiffraction imaging. The time-dependent fluorogenic process during endocytosis was investigated with time-lapse confocal microscopy (Fig. 6) . A low probe concentration (50 nM) incubated with cells (HUVEC) were used to illustrate the subcellular localization of fg-nanoprobe via endocytosis and activation ( Fig. 6A) . At the beginning, the fg-nanoprobe was approaching the cell, as seen by the released fg-BODIPY dyes. The dyes were activated and randomly anchored on cell membrane because the burst/release effect of biodegradable NPs caused by the microporous channels on the particle surfaces ( Fig.   6B ). When the fg-nanoprobe was trapped into the endo/lysosome compartments in the cytosol, the acidic environment and associated lipids accelerated the release of fg-BODIPY followed by fast protonation that gave rise to fluorogenicity. At later time points, the released dyes accumulated in the micellar-like compartments, such as clathrin (Fig. 6C) The efficiency of cellular uptake of NPs was also studied with nonspecific fluorescent organic NPs. 59 In a recent work, in vitro quantitative evaluation of cellular uptake was performed using dye-doped polymeric NPs, of different sizes and varied surface charge, which were stabilized by the surfactant Tween 80. 57 By combining flow cytometry and plate fluorimetry, the number of particles internalized in each cell was evaluated. The results indicated that the uptake process reached a maximum in 2-5 h, and then stabilized within 24 h at a somewhat lower plateau value. Larger NPs with positive charge had higher cellular uptake and were better retained inside the cells than negatively charged NPs of similar size. The higher uptake of positively charged NPs makes sense because of the attraction between the NPs and the negatively charged cytoplasmic membrane of cells Smaller NPs were less dependent on surface charge for their uptake by cells..
Biological and biomedical applications
As cellular uptake of NPs depends on size of NPs, the size of the particle may in turn provide a simple means to discriminate cell types. Hence fluorescent NPs of different sizes may have the ability to target certain cell types without being conjugated to any targeting ligands. Resch and coworkers demonstrated the strategy by using differently sized dye-loaded polystyrene NPs. 128 The experiment was designed under the following considerations: (i) macrophage cells are capable of an efficient internalization of particles with sizes up to 3 µm while fibroblast cells only internalize NPs less than 100 nm in diameter and (ii) the NIR dye Itrybe and Sq730 display a high degree of spectral overlap in emission but have different fluorescent lifetimes. In the experiment, 25-nm PS-NPs-Itrybe and 100-nm PS-NP-Sq730 were used to simultaneously incubate in a co-culture of 3T3 fibroblast and J774 macrophage cells. Both cell types competed for the uptake of PS-NPs. The macrophage and the fibroblast cells could not be spectrally distinguished by a confocal laser scanning microscropy (CLSM) image when detected in the same spectral window (Fig. 7A ).
But the fluorescence decay curves recorded on the two cell types revealed significantly different decay characteristics (Fig. 7B ). Macrophage cells (red squares) exhibit longer decay times than fibroblast cells (black circles), suggesting a more efficient uptake of PS-NPs with longer lifetimes by the macrophage. 
Specific imaging.
In comparison to nonspecific imaging, the requirements for fluorescent organic NPs aimed at specific in vitro imaging applications are more stringent. Firstly, the fluorescent organic NPs should have high brightness so that the targeted subcellular structures can be distinguished from other parts of the cell. In this respect, many fluorescent organic NPs can fulfill this demand, such as semiconducting polymer NPs, dyedoped polymer NPs with high loading efficiency, and AIE-typed NPs. Secondly, the NPs need surface modification with hydrophilic surface groups (e.g. PEG) to reduce nonspecific absorption. Lastly, but most importantly, ligands for targeting must be conjugated to particles so that the modified particles can specifically bind cells via ligand-receptor interactions.
Antibodies. Among the various targeting ligands, antibodies are most widely used because they bind antigens, which are unique to each cell line, in a highly selective manner. Antibodies can be directly conjugated onto the surface of fluorescent soft NPs to selectively label cells. For example, self-fluorescent polyacrylonitrile NPs were conjugated with the anti-ErbB2 antibody via EDC/NHS activation. These antibody-conjugated NPs were then used for the specific targeting and imaging of human breast cancer cells (SKBR-3). 55 In another study, the monoclonal antibody trastuzumab (which has the trade name Herceptin) was coupled with conjugated-polymer-loaded NPs to selectively image SKBR-3 cells (against MCF-7 and NIH/3T3 cells), which overexpress the human epidermal growth factor receptor 2 (HER2), the target of trastuzumab (Figure 8 ). 76 The strong and regular green fluorescent profile of SKBR-3 breast cancer cells (Fig. 8A ) indicated that the cell membrane was successfully stained by the conjugated-polymer-loaded NPs. In contrast, only weak and randomly distributed fluorescent signals were detected from MCF-7 and NIH/3T3 cell membrane ( Fig. 8B-C) . It is apparent that the specific interaction of trastuzumab-NPs conjugates with HER2 in the cell membrane allows clear discrimination of HER2-positive cancer cells from others. 76 Alternatively, fluorescent organic NPs can be first conjugated to IgG or streptavidin and then used to specifically label cells based on the anti-IgG/IgG or biotin/streptavidin immunoreaction. Our group demonstrated this approach by using fluorescent PFBT NPs to label a specific cellular target, EpCAM, an epithelial cell-surface marker currently used to detect circulating tumor cells. 84 As seen in Figure 9A , EpCAM receptors on the surface of live MCF-7 human breast cancer cells were successfully labeled by the NP-IgG conjugates when they were co-incubated with a monoclonal primary anti-EpCAM antibody.
In contrast, we did not detect a signal from the NPs when the cells were incubated without the primary antibody ( Figure 9B ). The NP-streptavidin conjugates also proved to specifically label EpCAM on the surface of live MCF-7 cells, together with the primary anti-EpCAM antibody and a biotinylated goat antimouse-IgG secondary antibody. 84 Furthermore, we upgraded the NP-streptavidin probes by using smallsized CN-PPV (cyano-polyphenylene vinylene) NPs (~10 nm) with high quantum yield (60%). With these probes, we achieved specific subcellular imaging of microtubule structures in HeLa cells 138 where the cells were fixed, permeabilized and incubated with a biotinylated monoclonal anti-α-tubulin antibody. In the confocal microcopy images ( Figure 9C-D) , bright fluorescence from well-resolved tubular structures was observed in the positively labeled cells, while the control samples showed no detectable nonspecific binding, demonstrating the sensitivity and selectivity of the CN-PPV NP-streptavidin bioconjugates. Although the NP-IgG and NP-streptavidin conjugates are both highly specific for cellular imaging, the streptavidin/biotin approach seems to be more attractive because most antibodies can be easily derivatized with biotin. Therefore, many fluorescent polymer NPs have been developed to specifically image live cells using this strategy. 86-88, 101, 102 Small-molecule targeting ligands. In addition to large-molecule antibodies that are expensive and potentially immunogenic, smaller targeting moieties have been used to conjugate to fluorescent NPs for specific cellular imaging applications. Examples include peptides (F3-Cys), 67 vitamins, sugars (e.g. glucose 107 and hyaluronic acid 119 ) and aptamers. 139 Folic acid also is widely adopted for this purpose because it selectively binds to folate receptors that are over-expressed in tumor cells. Self-fluorescent abietane NPs, 70 dye-doped PLA NPs 79 and small-molecule NPs 97, 112 were all conjugated to folic acid and used to specifically label live cells.
Bioorthogonal labeling based on click chemistry. The copper (I)-catalyzed Huisgen 1, 3-dipolar cycloaddition between azides and terminal alkynes is one of the most useful and reliable click reaction. 140 It has been applied to numerous NPs-related research fields. [141] [142] [143] [144] [145] In terms of specific imaging, both azide and alkyne groups can be considered to be bioorthogonal chemical reporters because they do not interact with any native biological functional groups. If one bioorthogonal reporter was incorporated into a target biomolecule using the biosynthetic machinery of the cell, and the other reporter is conjugated to fluorescent A B D C NPs, then it is possible to achieve specific labeling in situ via a click reaction. We demonstrated this approach by visualizing newly synthesized proteins which were modified by bioorthogonal noncanonical amino-acid tagging. 85 Newly synthesized proteins in MCF-7cells were metabolically labeled with an azide-(or alkyne-) bearing artificial amino acid, such as azidohomoalanine or homopropargylglycine, followed by tagging with alkyne-(or azide-) functionalized fluorescent semiconducting polymer NPs by click chemistry.
Similarly, the clickable fluorescent NPs were used to selectively target glycoproteins. The highly efficient, specific, and bright protein labeling based on clickable polymer NPs suggest this bioorthogonal labeling is a promising strategy for visualizing various cellular processes.
In vivo imaging
The translation of fluorescence imaging from in vitro to in vivo remains a challenging task. There are two main issues that require serious consideration. One consideration is the penetration depth of optical signals, which is greatly attenuated by the photon absorption, scattering and autofluorescence in biological substances. To tackle this problem, fluorescent organic NPs with longer-wavelength emission, particularly in NIR range, are much preferred because of the reduced interaction within the "tissue optical window" (600-1300 nm). 146 Optical penetration depths around 1 mm in the NIR-I window (700 -900 nm), and up to several millimeters in the NIR-II window (1-1.4 µm) have been explored with whole animals. 147 The other consideration is the biological barriers which the body uses to attack and remove exogenous materials (e.g., bacteria, viruses, medical implants, and drugs). The barriers imposed by the body can be broadly classified as either physiological or cellular. Physiological barriers include the blood, liver, spleen, kidneys, immune system, and the guards that prevent extravasation of foreign substances from the blood.
Therefore, the particle surface of any nano-sized imaging agent should be carefully designed so it can bypass the biological barriers and reach the target sites before being removed from the body. 5 Cellular barriers include the cell membrane, the endosome/lysosome trafficking system, and intracellular trafficking.
Nonspecific imaging
Many fluorescent NPs with red or NIR emission have been prepared for nonspecific in vivo imaging. The particles are stabilized by either surfactants, 43, 56 amphiphilic polymers 78 or PEG 41, 93 . By tracking the fluorescent trail of organic NPs, objects of interest can be imaged in vivo. For example, human amniotic fluid cells labeled with RhB-doped polymer NPs were grafted in the brain ventricles of healthy mice, and the longitudinal bio-distribution of the human amniotic fluid cells in different brain areas were determined by fluorescence imaging. 56 Blood vessels are ideal for nonspecific in vivo imaging because they are the main place for particle transportation after intravenous injection. In one study, ultra-bright AIE-type NPs were used for real-time intravital two-photon imaging of blood vessels. 41 By using of a two-photon fluorescence imaging technique, real-time vasculature imaging in live mice was investigated in three models (the brain, bone marrow and ear)
with deep-tissue penetration and high contrast. Klymchenko and coworkers devised a type of bright fluorescent nano-sized droplets (termed as DiI-TPB) to perform in vivo microangiography imaging on live zebrafish embryos. 43 The nano-sized droplets were injected in the sinus venosus of the embryos. The confocal microscopy images showed that the nano-sized droplets remained in the blood circulation without interacting with the vessel wall and without dye leaking from them even 60 minutes after injection ( Figure   10 ). Moreover, due to the extreme brightness of the nano-sized droplets (100-fold brighter than quantum dots of equivalent size), blood flow was measured by single-particle tracking of the nano-droplets in vivo, revealing both the slow and fast phases of the cardiac cycle. Particle size influences the in vivo trafficking of NPs so as a consequence, certain organs can be imaged.
For instance, Kim and co-workers took advantage of the mechanism of lymphatic drainage and lymph node retention of NPs of a certain size to successfully image the sentinel lymph node with NIR semiconducting polymer NPs (termed as NIR-cvPDs, 60 nm in diameter). 54 When injected intradermally into the forepaw pad of a mouse, the fast movement of the fluorescence signal along lymphatic vessels was clearly detected (Fig. 11A) . The results indicated that NIR-cvPDs drained rapidly from the interstitial site of injection into the lymphatics and accumulated at the regional lymph node without any flow toward the next tier nodes. Recently, fluorescent organic NPs with longer emission wavelength were developed for in vivo imaging. 78 In a typical work, NIR-II NPs (termed as IR-PEG) with emission wavelength longer than 1000 nm were used. 93 The whole-body imaging showed that, after intravenous injection, the IR-PEG NPs sequentially passed through lungs, kidneys and to other parts of the mouse with the direction of the blood flow ( Fig. 11B1-3) . Based on the time-dependent variation of the NIR-II fluorescence throughout the body, principal component analysis was applied to convert the time-dependent variation of the fluorescence intensity at various locations into spatially resolved components. 148 The principal component analysis results (pseudo color) vividly delineated the different organs inside the mouse, including the lungs, the kidneys, and the skin (Fig. 14B4 ). 93 Obviously, the NIR-II NPs enable in vivo imaging with deeper tissue penetration, higher spatial resolution, and better image fidelity than traditional fluorescence imaging in the 
Specific imaging
For specific imaging, the ligands described in Section 3.1.2 (specific in vitro imaging) are still valid for in vivo active targeting. The enhanced permeability and retention (EPR) effect is effective for fluorescent NPs to passively target tumors without ligands. Based on the EPR effect, fluorescent PEO-stabilized drugloaded micelles were used to image drug delivery via the blood circulation in tumor-bearing mice. 114 The real-time fluorescent imaging revealed that the micelles accumulated at tumor site until they reach a maximum level at 24h post-injection; they then were slowly cleared from the tumor. Although EPR-based passive targeting is easy to carry out, active targeting exhibits better specificity with the established ligandreceptor interactions. Most of the specific in vivo imaging studies performed with targeting fluorescent NPs, such as NIR polymer vesicles modified with antibodies, 117 NIR polymer NPs conjugated with folate groups 77, 115 and peptide-coated NIR NPs, 121 give significantly better detection specificity and accuracy because of In addition to ligands that bind specifically to the target, other ligands may also be needed to help traverse special biological barriers. For example, in vivo fluorescent imaging of brain is difficult at present, because of the presence of the blood-brain barrier and the complex dependence of the probe's penetration of the barrier on size and surface properties. Recently, several attempts have been made to specifically image brains with NP-ligand bioconjugates. Tosi et al. reported a type of PLGA NP engineered with both a NIR dye and a brain-specific peptide (simil-opioid glycopeptides) for brain targeting. 94 After intravenous injection of the NIR NPs into a mouse, in vivo time-domain optical imaging showed brain localization of the NIR NPs. Fluorescent and confocal microscopy studies on the brain tissues confirmed the penetration of the NIR NPs across blood-brain barrier and distribution within the cells of the cerebral tissue. Our group developed another kind of bioconjugate for in vivo brain tumor imaging called Pdot-CTX. The probes were based on 15-nm semiconducting polymer NPs (emitting at 650 nm) conjugated with a tumor-specific peptide ligand (Chlorotoxin). 35 The Pdot-CTX conjugates were designed to traverse the blood-brain barrier and Bone has also been targeted for in vivo imaging with fluorescent NPs as well. In one study, FITC-doped PBLG NPs conjugated with alendronate, a targeting moiety that has a strong affinity for bone, were used to specifically target bone in rats. 95 The NPs showed bright fluorescence in femur tissue, indicating the specificity of the conjugates. In order to obtain better imaging quality, NIR crosslinked bisphosphonate NPs were exploited for bone targeting. 68 The bisphosphonate groups have high affinity for the bone mineral hydroxyapatite. In vivo imaging on a whole chicken embryo clearly indicated the affinity of the bisphosphonate NPs for the chicken embryo bones.
Imaging of biological processes
Cell division, growth, metabolism, apoptosis and many other cellular processes involve various biochemical and physical parameters, such as electrolytes, temperature, dissolved oxygen, and reactive species. Sensing and imaging of these factors of biological processes helps us to better understand cellular events and also develop novel diagnostic and therapeutic techniques. However, fluorescent soft NPs for imaging biological processes are sensitive to their surrounding environment, which affects their imaging stability.
Temperature. Some dyes are very sensitive to temperature, as represented by Rhodamine B (RhB) and europium (Eu) beta-diketonate chelate. They usually exhibit decreased fluorescence intensity/lifetime at higher temperature. Doping those temperature indictors into organic NPs can give them the ability to work as thermometers. One example is Eu-tris(dinaphthoylmethane)-bis-(trioctylphosphine oxide) doped PMMA NPs. 98 In the physiological temperatures range (25-45 o C), the fluorescence intensity of Eu-NPs decreased by -3.07 % per o C as the temperature increased, corresponding to a resolution of 0.3 o C. Our group also constructed RhB-doped semiconducting polymer NPs for ratiometric fluorescence sensing and temperaturebased imaging. 38 The RhB-NPs showed a linear fluorescence response in the temperature range of 10-70 o C and efficient cellular uptake; the quantitative determinations of intracellular temperature based on cellular imaging were in good agreement with the results measured by a thermocouple.
Another type of fluorescent thermometer is the fluorophore-doped PNIPAm nanogel. 64, 65, 118 The gel usually exhibits enhanced fluorescence with a temperature increase. Seiichi and coworkers developed a fluorescent polymeric thermometer for intracellular temperature mapping, where the fluorescence lifetime of the fluorescent polymeric thermometer was adopted as a temperature-dependent variable. By using timecorrelated single-photon counting system-based fluorescence lifetime imaging microcopy, high spatial (200 nm) and temperature resolution (0.18-0.58 o C) were achieved. Based on the fluorescent polymeric thermometer, the intracellular temperatures were successfully mapped to demonstrate that (i) the temperatures of nucleus and centrosome were both higher than the cytoplasm; (ii) the temperature gap between the nucleus and the cytoplasm differed depending on the cell cycle; (iii) the temperature near the mitochondria was higher than the rest of the space in the cytosol because of the heat generated by the organelle. When oxygen nanosensors with different targeting abilities were used, the pericellular, extracellular, intracellular and even intramitochondrial oxygen concentrations were detected and discriminated. 153, 154 Accurate determination of cellular oxygen concentrations can find applications in enzymatic assays, analysis of cell respiration, and potential cancer cell screening. For more detailed biological applications of oxygen sensing, please refer to a recent review. 155 In comparison to cellular oxygen imaging, in vivo imaging of oxygen based on fluorescence methods is rarely studied. Recently, Vinogradov and coworkers reported direct in vivo measurements of local oxygen tension (p O2 ) in the bone marrow of live mice by using of a macromolecular platinum porphyrin nanoprobe (PtP-C343). 156 By two-photon phosphorescence lifetime microscopy, the absolute p O2 of the bone marrow was determined to be quite low (<32 mm Hg) despite very high vascular density, and heterogeneities in local p O2 were detected. These p O2 values were found to change markedly after radiation and chemotherapy, pointing to the role of stress in altering the cell metabolic microenvironment.
pH. The fluorescent organic NPs for pH imaging usually are designed by conjugating pH-indicator dyes onto the surface of fluorescent NPs. Our group described a ratiometric methodology for pH imaging, in which the pH-sensitive FITC dye was covalently attached to fluorescent semiconducting polymer NPs. 39 The efficient energy transfer from the donor NPs to the acceptor FITC molecules enabled a rapid and robust sensing of pH in the range of 5-8. We used the probes quantitatively to determine the intracellular pH of HeLa cells.
In another study, FITC dye molecules were conjugated onto oxygen-sensitive fluorescent NPs with a core shell to simultaneously measure the intracellular pH and oxygen in the cytosol. 157 The fluorescent NPs showed a large signal change between pH 5 and 8 (with a pKa value of 6.4). After being internalized into the cellular cytosol via electroporation, the intracellular pH values were sensed and imaged. Another type of a pH nanosensor was also developed by incorporating a pH indicator into a soft nanogel. 96 The pH nanogels were prepared from an inert, but biocompatible, polyurethane polymer, which was made pH-sensitive by loading it with the pH indicator bromothymol blue. The fluorescence was rendered ratiometric by the addition of two standard fluorophores that underwent efficient FRET inside the nanogel. The ratiometric fluorescent nano-sized gels were easily taken up by cells and capable of sensing intracellular pH values in the physiological range of 6-8 (with a pKa value of 7.64). In addition, polymeric vesicles were developed to image pH based on Nile Blue-labeled PMPC-PDPA diblock copolymers. The biomimetic PMPC block was responsible for cell uptake; the PDPA block was the pH-responsive component that enabled easy vesicle self-assembly in aqueous solution; and the Nile Blue dye was sensitive to pH. 116 These biocompatible vesicles were used to image pH gradients in a tumor model and to probe intracellular microenvironments by selective intracellular staining of lysosomes and early endosomes via subtle changes in fluorescence emission.
Caspase activity. The effector caspases (for example, caspase-3 and -7) are ideal targets for tumor apoptosis imaging because their activation commits the cell to programmed death. Taking advantage of a caspasesensitive self-assembled fluorescent probe (C-SNAF), which was controlled by a first-order bioorthogonal cyclization reaction, the activity of caspase-3/7 during chemotherapy in mouse models xenografted with human tumors was successfully imaged in vivo. 124 Female nude mice bearing subcutaneous HeLa tumors received either intravenous chemotherapy of doxorubicin (DOX) or saline ( Fig. 13 ). Then C-SNAF or either of the control probes (L-ctrl and D-ctrl) was administered intravenously to the tumor-bearing mice.
In healthy nude mice, C-SNAF was cleared rapidly from the circulation with a blood half-life of ~1 hour, and completely eliminated from the body at 12 hours after administration. The whole body imaging clearly showed that C-SNAF was significantly brighter in DOX-treated than in saline-treated tumors, with the maximum fluorescence one hour after administration (Fig. 13A ). In 4 hours, the fluorescence signal was increased by 1.6-fold in DOX-treated tumors compared to that in saline-treated mice. Neither L-ctrl nor Dctrl showed negligible increases (Fig. 13B) . The serial tumor response to chemotherapeutic intervention in the same mouse could also be imaged by C-SNAF ( Fig. 13C ). One dose of DOX (×1 DOX) resulted in a moderate increase in tumor fluorescence, and third round of DOX therapy gave a significant signal enhancement compared to both saline and ×1 DOX treatment. The results indicated that the caspase-3/7-triggered bioorthogonal macrocyclization and fluorescent nanoaggregation of C-SNAF are effective to monitor the tumor-therapy response in vivo. 
Conclusion and outlook
We have summarized recent progress in the development of soft fluorescent NPs for biological and biomedical imaging. In comparison to solid fluorescent NPs, they are more competent for biological and biomedical imaging. Various fluorescent organic NPs have been developed as imaging agents, including dye-doped polymer NPs, semiconducting polymer NPs, small-molecule organic NPs, nanogels, polymeric micelles and vesicles. These organic NPs can be made by direct polymerization, postpolymerization (miniemulsion and reprecipitation) processes or self-assembly methods. The methods take into account the nature of starting materials, which determines the interaction forces between molecules and the stability of particles, and the aggregation states of fluorophores inside the NPs, which influence the fluorescence.
The soft fluorescent NPs exhibit diverse optical properties and imaging capabilities. Comparatively, fluorescent semiconducting polymer NPs and AIE-type small-molecule organic NPs are known for ultrahigh brightness, which is desirable for high-contrast imaging. Dye-doped polymeric NPs may have the weak point of low brightness, but a large library of dyes is available for constructing dye-doped NPs with versatile imaging capabilities. Moreover, dye-doped polymeric NPs based on biodegradable molecules (or biomaterials) are suitable for in vivo imaging because of their negligible toxicity. For nanogels, polymer micelles and vesicles, the loose nanostructures enable the bio-analytes/stimuli to affect particle matrix and/or inner fluorophores, and cellular processes can be imaged accordingly. These nano-sized imaging agents have been widely demonstrated for in vitro imaging; however, there is still much room for improvement, such as tailored particle size and surface chemistry to specifically target and image organelles. Unlike cell-surface labeling, which generally rely on specific ligands or antibodies conjugated to soft fluorescent NPs, organelle labeling places more stringent requirements on the imaging agents -besides ligands, surface charge and particle size are also critical in controlling their destination within the cell.
With regard to in vivo imaging, soft fluorescent NPs based on long-wavelength fluorophores are commonly adopted. Unfortunately, fluorescence imaging is limited to small animals or tissues not buried deep in the body, even though NIR-II organic NPs have been developed to increase the penetration depth. 93 In order to tackle this shortcoming, one possible strategy is to develop multimodality nanoprobes in which other contrast agents (with deeper penetration) are combined with the fluorescent NPs. For example, 64 Cu-DOTA ( 64 Cu(II)-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) can be adopted to construct
